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• ~ Smoke emission factors measured for burning wood under well ventilated conditions were in the range of 0.1 to 0.3 percent, but under limited ventilation conditions they increased an order of magnitude to the 2 to 3 percent range. Under well ventilated conditions, the smoke emission factors measured for asphalt were in the 12 percent range and those for No. 2 fuel oil were in the 11 percent range. Burning in the compartment also affected the emission factors and smoke characteristics of fuel oil.
The results of the medium-scale experiments presented in this papers show that the smoke emission factors are not only dependent on the properties of a given fuel, but also on the environmental conditions under which the fuel was burned. Specifically, the influence of ventilation rate, fuel mass loss rate, temperature, and residence time are important. Although more research is required before a standardized medium scale fire test to measure smoke production can be developed, the need for such a test standard is clearly demonstrated by these results.
INTRODUCTION
The smoke from fires accounts for at least fifty percent of all fire deaths and billions of dollars in damage each year. In the last two decades significant advances have been made to improve our understanding of smoke movement and smoke characteristics, but we still lack the ability to predict the amount and The concept of "Nuclear Winter" has been postulated with a number of assumptions regarding the smoke produced by postnuclear exchange fires<l, 2 ). The general premise is that following the use of nuclear weapons, sufficient smoke would be generated from fires and deposited in the atmosphere to cause a decrease in the incident solar energy reaching the Earth's surface.
Such a change in the net radiative balance could cause global cooling. Whether Nuclear Winter would occur in the aftermath of a nuclear exchange depends largely on the quantity and nature of SMOKE CHARACTERISTICS -C. M. Fleischmann, et al. PAGE 4 smoke generated, its distribution in the atmosphere, and its optical characteristics.
smoke is defined by ASTM El76 as "the airborne solid and liquid particulates and gases evolved when a material undergoes pyrolysis or combustion"C 3 ). Using this definition, smoke can be separated into two prime components: (l) particulates and (2) gases. Particulates are the primary cause of reduced visibility and these may also have a physiological effect, such as increased heart rate of the occupants exiting from a burning structureC 4 >.
Airborne particulates are the component of smoke which are responsible for activating smoke detection devices o ·carbon monoxide, the principal gas for causing injury and death among occupants and fire service personnel, is one of many toxic gases contained in smoke.
Most of our current understanding of smoke has been derived from small scale experiments where the sample is either ignited by a pilot flame and allowed to burn freely, or it is exposed to a radiant energy source and undergoes smoldering combustion in a chamber of fixed volume. Typically, more smoke is produced under smoldering conditions: however, smoldering combustion is generally only a threat to the occupants in the room of origin and has little effect on other areas of the building. The piloted ignition tests use small samples which typically burn with a laminar flame lacking the turbulence, radiation, and ventilation characteristics present in actual fires. Though considered full-scale by the fire research community, these experiments are also used by the nuclear winter research community and therefore the term "medium-scale" is also being used throughout this paper. Both terms are in contrast to "bench-scale" experiments in which the flames are generally laminar and the rates of heat release are less than 20 KW.
Sixteen experiments were conducted on representative urban fuels including plywood, whole wood, asphalt roofing shingles, and #2 fuel oil. Smoke was characterized by the mass of airborne particulates, the size distribution of the particulates, and the carbon characteristics of the particulates, i.e., "graphitic", or "black", carbon and organic carbon. Mass loss and rate of heat release (RHR) were recorded during each experiment to characterize the combustion.
EXPERIMENTAL FACILITY
The experimental facility used to conduct the fire experiments is shown in Fig. 1 . It consists of a 1,100 m3(38,000 cu ft) "high-bay" room, a forced ventilation system, data acquisi-SMOKE CHARACTERISTICS -C. M. Fleischmann, et al. PAGE 6 tion facilities, and auxiliary sample preparation and storage area.
The ventilation system begins with a 3.om x 3.0m (10 ft x 10 ft) canopy hood designed to capture the products of combustion generated during a fire experiment. The ventilation system is capable of transporting combustion products at a maximum rate of Several experiments, i.e., solid wood under ventilation limited conditions, asphalt roofing, and liquid hydrocarbon, produced such heavy smoke that dilution was necessary to avoid clogging of the impactor. This was accomplished by inserting into the impactor probe line a chamber through which continuously filtered air was recirculated to provide the impactor with only 1/10 of the duct particle concentration. The decision whether to use the dilution chamber was made prior to each experiment based on the expected smok~ production.
The impactor used for these studies was a Pilat Mark 5
Cascade Impactor manufactured by the Pollution Control Systems
Corp. All the filters used were 47 mm diameter quartz fiber.
Sample .pamass was determined for each filter and impactor stage , using a Cahn Model 4700 electrobalance.
The carbon content for each filter and impactor sample was determined by combustion of the sample in oxygen and then measuring the resulting co 2 with a co 2 Coulometer, (Coulometrics, Inc., Model 5010 (7) . Further characterization of the carbon content in the filter and impactor samples was obtained using thermal evolved gas analysis (EGA) for carbon. This technique has been used to characterize collected aerosol carbon particles by type, i.e., "organic", "black", or "carbonate" carbonC 8 , 9 >. All the samples analyzed in this study showed a dominant black carbon Table 1 .
EXPERIMENTAL BESOLTS Parallel Plywood Sheats
In Exps. 1 through 6, plywood sheets were burned in a parallel plate geometry of the dimensions given in Table 1 . The plies of wood were attached to each other by a layer of adhesive that burned differently from the wood. In these experiments, a decrease in the heat release rate could frequently be observed in the period during which a second ply was being ignited from the backside of the most recently burning layer of veneer. A typical heat release rate curve for this geometry is shown in Fig. 4 where the RHR curve for Exp. 3 is shown. Note the decrease in heat release rate at 11 minutes which occurred when the second ply was being ignited.
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The emission factors for all the experiments are given in Table 2 and are compared graphically in Fig. 5 . Exp. 9 whose heat of release curve is nearly identical to that for Exp. a, which is not shown. Following the combustion of the heptane, the rate of heat release increased from 600 to 1000 KW.
The spike in the rate of heat release, shown in Fig. 8 , corresponds to the burning of paper from the qypsum wall board in the exterior room.
The emission factors for the wood crib experiments are compared graphically in Fig. 9 . Ventilation limited conditions caused an order of magnitude difference in the smoke production.
There was a difference in the sampling times between Exps. 8 and 9. Experiment a included the last 2 to 3 minutes of its maximum heat release rate while in Exp. 9 the sampling was terminated just after the spike in the heat release rate. The sampling times are shown in Table 2 . The difference in the sampling time resulted in an increase in the emission factors which indicates an increase in the smoke production. 11. It is interesting to note that the increased sampling time for Exp. 10 caused an increase in the emission factors of less than 10% in the organic carbon and non-carbon; yet the black carbon emission factor increased more than 30%.
Liqui4 Hydrocarbons
In Exps. 12 Exp. 13. is shown in Fig. 12 . The combustion characteristics for all the fuel oil experiments are summarized in Table 3 . The values in Table 3 factor is over 10%, with the black carbon emission factor accounting for over 70% of the total particulate.
In Exps. 14 and 15 two pans were burned in the open with no restriction on the ventilation. The RHR curves for Exp. 14 is shown in Fig. 14 , and an increase in the mass loss rate occurs (Table 3) experiments is quite good, as seen in Fig. 13 and Table 3 . These changes in emission factors are clearly shown in Fig. 13 .
The most important result of the experiments described above is the considerable influence of the compartment on the produc-SMOKE CHARACTERISTICS -C. M. Fleischmann, et al. PAGE 18 tion of smoke. As shown in Fig. 9 , the smoke emission factors measured for wood cribs burning in the compartment were more than an order of magnitude higher than those burning in the open. In addition, the smoke from the compartment fire was thick and black, similar in appearance to the smoke produced by burning plastic or oila For the fuel oil experiment, the compartment had the opposite effect. In the experiment conducted in the compartment, the smoke production was significantly reduced from 
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